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Diamond-like carbon (DLC) is a form of carbon with amorphous structure. 
、 A m o n g many kinds of DLC films, tetrahedral amorphous carbon (ta-C) has most of 
the diamond-like properties such as high hardness, good IR transparent, and etc. 
These properties make them suitable for the application in optical and protective 
coatings. 
In this work, ta-C films were prepared by pulsed filtered vacuum arc 
3 • 
deposition (PFVAD) system. The bias and film thickness effects on the sp fraction, 
stress, mechanical properties, optical properties, as well as the thermal stability and 
stress relaxation of these ta-C films against thermal annealing were studied. The 
characterization methods being used in this work included Raman spectroscopy for 
sp
3
 fraction, IR photoelasticity (PE) method and curvature method for the stress 
measurement in the substrate and the film，spectroscopic ellipsometry (SE) for the 
optical properties, nano-indentation and tribology both for the mechanical properties. 
Raman results confirmed that the sp
3
 fraction in the films was larger than 
80% at a wide substrate bias voltage range from 0V to -2.8kV with the film 
thickness varied from ~20nm to ~140nm. These results show that the ta-C film 
prepared by PFAVD system are generally with a sp
3
 fraction larger than 80% at a 
wide range of substrate bias voltage. The optical properties of the ta-C films were 
obtained by analyzing the (SE) spectra using the Forouhi and Bloomer model at the 
wavelength from 350nm to 750nm. The refractive index was between 2.8 to 2.4, 
extinction coefficient was between 0.2 to 0.0 and the optical gaps were between 
2.4eV to 2.7eV. 
,:,: 
Among the ta-C films, we selected the films with the film thickness of about 
lOOnm prepared at the substrate bias voltage of -40V, -80V, -160V and -240V for 
the study of the film stress, the mechanical properties, stress relaxation and thermal 
、stability. The compressive stress, hardness and elastic modulus were up to 16.8GPa, 
47.2GPa and 260.8GPa, respectively. Pin-on-disk tests showed that the friction 
coefficient and wear rate were as low as -0.085 and 〜3.8xl0-8mm3N_1m_1. These 
results show that the ta-C prepared by this method has high hardness and high wear 
resistance. 
These samples were annealed in vacuum for 30 minutes from 100°C to 500°C 
and vacuum rapid thermal annealing (v-RTA) for 2 minutes from 100°C to 900°C. 
The Raman results confirmed that these films still had a sp
3
 fraction larger than 80% 
after annealing in all the temperature range and time period. These results show that 
the thermal stability of the ta-C is very good. In v-RTA annealing, the stress relief 
was up to 80% but the sp
3
 fraction still kept at larger than 80%. It is stated that the 
compressive stress is required to stabilize the metastable sp
3
 bonding in DLC. This 
statement is only valid for the as-deposited films. Our results also demonstrated that 
the G peak position remained almost unchanged even though the stress was removed 
by 80% after v-RTA. 
These results were presented in details and discussed in relation to the 
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Chapter 1 Introduction 
1.1 Nomenclature 
Graphite and diamond are two of the isotopes of carbon. Not too long ago, 
another form of carbon, C6o was found. Diamond-like carbon (DLC) is yet another 





 and sp carbon bonds. It was first synthesized by Aisenberg and Chabot [1,2] 
in 1971. 
Aisenberg and Kimock [2] gave their definition to this form of carbon as 
follows: 
“These carbon films had many of properties of natural diamond but were 
predominately amorphous and not crystalline. Professional caution prevented use of 
name ‘diamond, but it was felt that ‘diamond-like’ would identify the properties as 
being similar to diamond without being presumptuous.“ 
Since their work, a lot of deposition techniques employing energetic species 
were used to deposit DLC films. Some of the DLC films are hydrogen free and some 
contain a significant amount of hydrogen. Also, due to the difference in deposition 
systems and the characterization techniques, all of these lead to different 
nomenclatures of the DLC films. The diversity of nomenclatures are DLC, a-DLC, a-
C, a-C:H, ta-C, a-D, i-C, hard carbon etc., where the same name is used for different 
materials or different names are used for similar materials. The most “presumptuous，， 
terms are 'amorphous diamond，or 'amorphic diamond' (a-D) which are as logical as 
'amorphous crystal，[3]. 
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1.2 Comparison of diamond and DLC 
Crystal diamond has many excellent properties. For example, the mechanical 
stiffness of diamond characterized by Young's modulus is 1143GPa and the hardness 
was about lOOGPa. Both are the highest among all the materials. Nowadays, good 
quality polycrystalline diamond films are commonly deposited by various chemical 
vapor deposition (CVD) methods. Table 1.1 shows the properties of diamond, CVD 
diamond and DLC[8,9]. 
Diamond Crystal CVD diamond~~ DLC 
Hardness (GPA) 100 80^90 8.8-80 








Band gap (eV) 5^5 5.5 0.4-3.0 
Refractive index 2.42 - 1.5-3.1 
Friction coefficient 0.05-0.15 - 0.15-0.45 
Table 1.1 Comparison of the properties of crystal diamond, CVD diamond and DLC 
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Judging from Table 1.1，using diamond as the standard, the properties of 
CVD diamond films are evidently more superior to those of DLC in many aspects. 
However, DLC films have their distinctive advantages that CVD diamond cannot 
、 take over. First, the conditions of diamond film deposition limit its application. The 
diamond films are prepared mainly by chemical vapor deposition method with 
substrate temperature higher than 600。C. Thus diamond films can only be deposited 
on substrates with a high melting point. However, the deposition temperature for 
DLC films can be as low as room temperature which enables it to be deposited on 
any substrate. Second, due to the polycrystalline grain boundaries, the surface of 
diamond films consists of lots of small facets with different orientations. It leads to a 
coarse, rough and non-uniform surface. Such feature has a large influence on its 
properties and applications. For example, it will induce scattering of light when 
diamond films are used as optical coating or infrared window. However, there is no 
such problem for amorphous carbon films due to its amorphous structure. DLC film 
has properties like diamond and it can overcome the problem of diamond. This draws 
the attention of the researchers in the world to study and synthesize DLC films. 
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1.3 Comparison of the amorphous hydrogenated and hydrogen free 
amorphous carbon 
There are a lot of different methods to prepare DLC films and the properties 
of the resulting films can be quite different. According to the deposition method and 
elements in the film, DLC can be distinguished into two categories. One is 
amorphous hydrogenated carbon (a-C:H). It is mainly prepared by chemical vapor 
deposition methods and DC or RF plasma or ion beam deposition from gaseous 
hydrocarbon. These films contain 10-65 at.% hydrogen. The other one is hydrogen 
free amorphous carbon which is deposited by physical vapor deposition methods 
such as sputtering, selective mass ion beam and arc discharge. Fig. 1.1 shows the 
phase diagram of the different DLC films. 
A 
glassy C W \ / ^ 
e v a p c / \ 
SP
 2 Y V & H 
Fig. 1.1 Phase diagram of various diamond-like carbon (after [7]). 
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In the 80s, the research effort put on hydrogenated DLC (a-C:H) was much 
more than that on hydrogen free DLC films. This has led to the faster development of 
a-C:H technology and the success of a-C:H in gaining several important market 
、niches [3], including their uses as a protective optical coating for IR application, as a 
standard solution for a variety of tribological applications (bearings and other sliding 
parts), and as a protective coating for magnetic recording media (hard discs, tape 
heads). 
Among the hydrogen free DLC films, ta-C films have high sp
3
 fraction of 
larger than 80%. This makes it exhibit properties really very diamond-like. Table 1.2 
shows the general properties of ta-C and a-C:H films. Hydrogen free DLC is superior 
to a-C:H in many aspects[3], including the following: 
1 • a much higher hardness, elastic modulus and wear resistance; 
2. lower fiction coefficients for most surfaces (0.1-0.15) especially in a humid 
environment where the friction coefficient of a-C:H is large (-0.3); 
3. a much better adhesion to a variety of surfaces (hydrogen very often causes 
delamination of the a-C:H films); 
4. a much higher thermal stability(>700°C for hydrogen free DLC in vacuum); 
5. similar optical properties in the visible range; 
6. better optical properties in the IR range (no C-H stretches) and 
12 /^ v 
7. similar electronic properties (e.g. a maximal specific resistivity of 10 Qcm 
which is tunable to much lower values). 
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H content Density Opt ica l~ Hardness 
DLC films 
fraction % % (g cm-
3
) Gap (eV) (GPa) 
、 T^C ^80 - 3.3-3.5 2.2-2.6 30-80 
^ Q H 30^60 10^65 1.6-2.2 0.8-1.7 10^20 
Table 1.2 Comparison of the properties of ta-C and a-C:H DLC films [3,18,97]. 
In the 90s, the development of the modern arc and laser ablation technologies 
has delivered similar or higher deposition rates than the plasma or ion beam 
technologies used in the deposition of a-C:H. Moreover, with the insertion of a filter 
duct in the arc discharge technology, macro particles can be eliminated. The surface 
smoothness of hydrogen free DLC films is comparable to that of a-C:H. These two 
improvements together with their better intrinsic properties have made hydrogen free 
DLC films more attractive than a-C:H films. 
y 
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1.4 Application of DLC 
DLC can found its applications in the following: 
1. Due to its IR transparency, DLC can be used as an antireflective coating and 
、 scratch-resistance wear-protective coating for IR optics at wavelength of 8-13 
[xm made of Ge, ZnS, ZnSe [10]. 
2. The low deposition temperatures of DLC films allow their use as a wear-
protective layer on products made of plastic and they are therefore used for 
protection against abrasion of sunglass lenses made of polycarbonate[12]. 
3. Due to its smooth surface (roughness generally <50nm and can get to 
<10nm), DLC films are used as corrosion and wear-protective coatings for 
both magnetic disks and magnetic heads. Tapes for video recording or 
magnetic data storage, using ferromagnetic metal as a recording media, as 
well as the metallic capstans in contact with the tapes, are also being 
protected with DLC coatings to reduce wear and friction, thus extending the 
life time of the tapes and their reliability [4]. The announcements of latest 
MACH3 razor blade by Gillete underscore the use of DLC as a coating, 
improving the quality and performance of the blades [14]. 
4. They can also be used as tribological coatings for metal bearings, gears and 
seals [14]. 
5. Potential use in phase shift masks for deep ultraviolet (DUV) lithography has 
been demonstrated [15]. 
6. Due to their chemical inertness and being impermeable to liquids, DLC 
coatings could protect biological implants against corrosion and serve as 
diffusion barriers. 
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7, DLC are considered for use as coatings of metallic as well as polymeric, such 
as polyurethane, polycarbonate and polyethylene, bio-components, to 
improve their compatibility with body tissue [16,17]. 
、 8. DLC deposited on stainless steel and titanium alloys can be used for 
components of artificial and biological requirements and are capable of 
improving the performance of these components [13]. 
9. Presently, DLC and its modification (it can be doped with nitrogen, silicon, 
oxygen, fluorine and metal atoms) are being considered as low k dielectric 
materials for interconnecting structures of ULSI [4], 
10. Due to the low threshold electric field of 10 V^im"
1
, DLC films can be the 
cathode material for flat panel display [3,4]. 
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1.5 ta-C growth mechanism 
The 'subplantataion' (shallow implantation) process, first proposed by Y. 
Lifshitz [29], has now become widely accepted as the growth mechanism of ta-C 
films. It undergoes the following stages: 
1. The energetic carbon species penetrate into the subsurface layer. 
2. The carbon species incorporate together and induce stress. 
3. The carbon species sputter and dilute the substrate atom until a pure carbon 
layer is formed. 
4. Finally, the pure carbon layer grows by successive carbon bombardment. 
The carbon species need to possess sufficiently high energy beyond a 
threshold energy to penetrate into the atomic surface layer, enter a subsurface 
interstitial position and increasing the local density. The carbon species with lower 
energy than this threshold would fail to penetrate the surface layer. Instead, they 
would stick to the outer surface, where they form sp
2
 bonded a-C. Penetration occurs 
either by direct entry or by knock-on of a surface atom (see Fig. 1.2)[7]. The kinetic 
energy of the species is liberated in a collision cascade and in phonon excitations. 
This energy is available to promote the migration of these interstitial atoms back to 
the surface, and to relax some of the increased density. 
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Fig. 1.2 Subplantation occurs either by penetration or knock-on (after [7]). 
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1.6 Recent activities on ta-C films 
As mentioned in section 1.3, there have been increasing interests in the study 
of the ta-C films worldwide in the last decade. The ta-C films were deposited in 
various laboratories using different technologies. These technologies include mass 
selective ion beam deposition [46-50], magnetic filtered sputtering carbon ion 
deposition [92,98-101], DC mode filtered arc deposition [51-54], and pulsed mode 
filtered arc deposition [86,87,93]. The sp
3
 fraction in the ta-C films prepared by these 
methods is typically larger than 80%. 
1.7 Goal of this project and organization of this thesis 
In this project, we have prepared ta-C films using pulsed filtered vacuum arc 
deposition (PFVAD) system. The bias and film thickness effects on the properties 
(sp
3
 fraction, stress, mechanical, optical) of these ta-C films, as well as the thermal 
stability and stress relaxation of these ta-C films against thermal annealing have been 
studied. 
There are 6 chapters in this thesis. Chapter 1 and 2 include a brief review of 
DLC films, different deposition methods for preparing ta-C films, modification of the 
PFVAD system used in the work and the sample preparation. Main characterization 
methods used in this work such as Raman spectroscopy, IR photoelasticity, 
ellipsometry and tribology are introduced in Chapter 3. The results of the as-
deposited and annealed samples are presented and discussed in details in Chapter 4. 
The future work and conclusion are stated in the last two chapters, Chapter 5 and 
chapter6. 
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Chapter 2 Deposition of ta-C films 
Among the many types of diamond-like carbon (DLC) films, tetrahedral 
amorphous carbon (ta-C) films have sp
3
 fraction as large as 85%. This makes their 
properties the most diamond-like. Their excellent properties have attracted many 
researchers to prepare them using various deposition methods. 
2.1 Ta-C film deposition systems 
The deposition of ta-C films requires a carbon source. The carbon source 
could be either an ionized carbon containing gas, with some mass filtering 
mechanism to obtain pure carbon ions, or a pure carbon target being thermally 
evaporated, ion sputtered or laser ablated. 
The energy of the carbon ions or atoms can be provided by electrostatic 
acceleration or through the momentum transfer by collision with energetic species 
before deposition (sputtering). 
Chapter 2 11 
Some of the main technologies to deposit ta-C films reported in the literatures 
are briefly described in this section. Then we shall describe in details the pulsed 
filtered vacuum arc deposition system used in this work in the subsequent sections. 
2.1.1. Direct ion beam deposition 
The direct ion beam deposition system was first utilized by Aisenberg and 
Chabot to deposit amorphous carbon films [1,2]. The working principle of the system 
is that the carbon ions are generated by plasma sputtering (e.g. by Ar for C+ or by Cs 
for C") and then the carbon ions were accelerated to the target by a biasing voltage. 
Such deposition involves some Ar or Cs contamination. Fig. 2.1 shows a schematic 
of the system. 
A n o d e g r i d
 Ion sourc« 
l o n b o x
\ \ / Accal«rator grid . 
Rlament \ \ \ f l 
\ \ V j\ Neutralizer mr% 
^ H V _ L \ / / 
I 1 4 . . H 
tt ^^ I • . * •：心 
I I } I • lon beam 
Fig. 2.1 Diagram of the direct ion beam deposition system (after [1]). 
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2.1.2. Laser ablation 
The carbon ions are generated by laser ablating the carbon target directly. The 
pure carbon plume consists of a variety of charged states (Cn
+W
 where n=l〜27， 
m=0~3)[20]. The energy distribution of the ion beam is board from zero to several 
tens eV. Graphitic micro-particles will be generated. The mean energy can be 
controlled to some extend by adjusting the power of the laser. A schematic diagram 
showing the ablation process is shown in Fig. 2.2. 
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Fig. 2.2 Diagram of the laser ablating (after [21]). 
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2,1.3. Mass selected ion beam deposition (MSIBD) 
A mass selected ion beam deposition system consists of three parts: ion 
source, mass selector and ion beam deceleration system (see Fig. 2.3). The carbon 
、source may be gases containing carbon such as CO, C0 2 or hydrogen carbon gases. 
The ions of carbon are accelerated to the mass selector by a high voltage (e.g. 20-
30keV). Only those specific carbon ions with the appropriate charge-to-mass ratio 
can pass through the filter. The other ions and neutral particles will be filtered. The 
single charged state carbon ions are de-accelerated before depositing to the substrate 
[22-26]. 
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Fig. 2.3 Diagram of the mass selected ion beam deposition system, (a) ion source 
(b) mass selector (c) ion-beam de-acceleration system (after [22]). 
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2.1.4. Arc discharge and Filtered Arc discharge (FAD) methods 
Arc discharge methods make use of the electric discharge between a carbon 
cathode and an anode to form the carbon plasma. This avoids Ar or Cs contamination 
、as that in the direct ion beam method. Here a high purity graphite source is used and 
no gas is needed. This is one kind of physical vapor deposition. The arc can also be 
ignited by an additional laser source (laser arc). The arc can be operated in a pulsed 









that high deposition rates comparable to hydrocarbon plasma deposition rates of 
lOOnm per minute can be achieved. However, the plasma contains carbon ions with 
different charge states, together with neutral carbon atoms and macro particles of 
carbon. 
In order to eliminate the neutral carbon and the macro particles, a curved 
magnetic filter is used and a pure singly charged carbon beam is achieved. A Soviet 
group (Aksenov, Belous, Padalka and Khoroshikh) was the first group in the world to 
use filtered arc deposition system to deposit carbon films[27]. Fig. 2.4 shows a 
schematic diagram of a filtered arc deposition system. The filtering effect and the 
variable target bias voltage have made it feasible to perform systemic studies of DLC 
growth with fine tune of their properties. 
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Fig. 2.4 Diagram of the filtered arc deposition system (after [28]). 
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2.2 The pulsed filtered vacuum arc deposition system 
2.2.1 Working principle 
The pulsed filtered arc vacuum deposition system used in this work is a new 
deposition system, which was custom made by the Institute of Low Energy Nuclear 
Physics, Beijing Normal University, Beijing. This system was designed to use 
vacuum arc discharge to produce a high flux plasma, and then the ions in the plasma 
are guided through a bending magnetic field to deposit thin films on the substrate in 
the vacuum chamber. 
The schematic of the filtered vacuum-arc plasma source is shown in Fig. 2.5. 
When a trigger voltage is applied between the trigger and the cathode electrodes, a 
spark is formed to initiate the arc. The trigger voltage is set fixed at 8kV with a pulse 
width of about 6\is and a repetitive frequency adjustable from 0 to 25 Hz. The pulse 
width of the arc voltage is fixed at 2.5ms and its magnitude is variable up to 250V. 
When the arc voltage is applied between the cathode and the anode electrodes to 
sustain the main arc, a plasma consists of the ionized vapor of the cathode material is 
produced at discrete, minute areas, known as the cathode spots, across on the cathode 
surface. The focus solenoid is used to generate a focusing magnetic field, to increase 
the output plasma flux and to achieve a better focus of the plasma along the axial 
direction of the bent filter duct. 
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Fig. 2.5 Schematic of the filtered vacuum-arc plasma source. 
The concentrated heat flux and the bombardment of ions under electric field 
at the cathode surface form microscopic liquid pools and then form droplets or so-
called macroparticles [42-44], which are ranged from 0.1 ^m to lOjxm in dimensions. 
If the macroparticles become entrained in the plasma stream and arrive at the 
substrate surface, they can cause serious degradation to the quality of the deposited 
films. For examples, they can lead to the inclusion of the macroparticles and the 
formation of pinhole defects in the films. A magnetic filter is used to aim at stopping 
the macroparticles in the cathodic arc plasma from arriving at the substrate. This 
magnetic filter can drastically reduce the macroparticle contamination of the films. 
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The filter consists of a 90。bending filter duct and a guiding solenoid (filter magnetic 
coil) which generates the guiding magnetic field. The cathode, the anode and the 
filter duct are all with water cooling. 
2.2.2 Film thickness control: 
Since the arcing system is operated in pulsed mode and the substrate is DC 
biased, the number of the incident ions can be counted by a Faraday cup so that the 
film thickness can be deduced. Fig. 2.6 shows the relation between the charge 
collected by the Faraday cup and the measured film thickness. The film thickness 
was determined by fitting the spectroscopic ellipsometry (SE) spectra using the 
Forouhi and Bloomer (F.B) model (see Chapter 3). The data for each batch of 
samples prepared at a fixed substrate bias voltage fall on a straight line passing 
through the origin. The slope of the line for each substrate bias voltage is slightly 
different. Although the total charge is fixed, different substrate bias voltage can lead 
to different sputtering rate. As a result, the film thickness prepared at various 
substrate bias voltage with the same number of charge is slight different. 
From the results shown in Fig. 2.6, it can be seen that the thickness of the 
films deposited using this system can be well controlled by monitoring the total 
charge collected by the Faraday cup. We shall show that this system could have high 
potential application in the deposition of ultra thin ta-C films (2-10nm) for magnetic 
disk protection coatings. 
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Fig. 2.6 Film thickness as a function of the total charge collected by the Faraday 
cup. The data for each substrate bias voltage fall on a straight line 
passing through the origin. The slope is slightly different for each 
substrate bias. 
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2.3 System modification 
2.3.1 Cathode erosion improvement 
In order to have a better control of the cathode spot motion, a magnetic field 
was applied on the cathode surface to control the motion of vacuum arc cathode 
spots. This is achieved by adding a ring permanent magnet as schematically shown in 
Fig. 2.7. It causes uniform erosion of the source and reduces the probability of 
macro particles generation. The surface roughness of the ta-C film deposited with 
and without the ring magnet is shown in Fig. 2.8. From the 3-D morphology, the root 
mean square roughness was reduced from 1.74nm to 0.73nm. 
^— 
乘？ Cathode 
^^Ring permanent magnet 
Fig. 2.7 A ring permanent magnet is inserted around the cathode. 
1,11 
Fig. 2.8 AFM 3-D morphology of ta-C films prepared at -80V, without (left) and with 
(right) the ring magnet inserted around the cathode. 
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2.3.2 Enhancement and stabilization of the cathodic arc 
The magnetic focus coil is used to increase the plasma flux. On the other 
hand，it makes the formation of the arc unstable due to the increase in the plasma 
、resistance. As a result, it reduces the mean deposition current. In this unstable 
condition, an increase in the anode voltage was inevitable in order to maintain the arc 
on. However, this will increase the probability of macro-particle generation. A mesh 
anode can be used to stabilize the arc and increase the efficiency of the cathodic arc 
[45]. Based on the method mentioned in [45]，a tungsten mesh grid is inserted to the 
anode. This tungsten mesh with a grid size of 5mm x 5mm is mounted on the anode 
as schematically shown in Fig. 2.9. This leads to an increase in the mean deposition 
current from 0.3-0.5mA to 0.8-1.0mA while keeping other arc discharge and 
deposition parameters unchanged. 
Trigger Anode 
. L ! 
H ^ H ^ H I ^ Tungsten 
Cathode I ^ mesh 
Magnetic ring ~ • m ^ ^ ^ ^ ^ ^ m 
t . 
Focusing coil 
Fig. 2.9 A schematic of the cathode arc source with a tungsten 
mesh and ring magnet inserted. 
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2.4 Sample preparation 
2.4.1 Film deposition 
The ta-C films were deposited on p-type Si(100) wafer. The substrates were 
subject to standard wafer cleaning procedures before deposition. Concentrated 
sulphuric acid (H2S04①）was boiled to 120°C with 10 ml H 20 2 . The wafers were kept 
in the solvent for 10 minutes and then rinsed in DI water before dipping in diluted 
HF (HF: H 2 0 = 1:50) for 5 minutes. Then a dehydrogenation bake in 100°C for 10 
minutes was performed. 
The working vacuum pressure in the deposition chamber was at 4xl0"
4
 Pa. 
The ta-C films were deposited at a fixed substrate bias voltage ranging from 0V to -
2.8kV. The arc source parameters (except the frequency) were slightly adjusted 
whenever necessary during the deposition in order to keep a constant deposition 
current. The values of the parameters are summarized as follows: 
Anode F o c u s i n g D u c t b i a s D e f l e c t i o n Frequency 
voltage current voltage current 
100-120V 0.6-0.8A 80V 1.5 A 6.25Hz 
2.4.2 Thermal treatments 
Ta-C films of about lOOnm thick were prepared at various substrate bias 
voltages (-40V to -240V). Vacuum rapid thermal annealing (v-RTA) was performed 
using a lamp heating system for 2 minutes at 100°C to 900°C and vacuum annealing 
with a heating stage was performed for 30 minutes at 100°C to 500°C. The working 
pressure for RTA was 5xlO"
4
Pa and for vacuuming annealing was 2x10" Pa, 
respectively. In both cases, the same sample was annealed with an incremented 
temperature of 100。C. But a 200°C temperature step was used for temperature larger 
than 500°C. 
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Chapter3 Characterization Methods 
3.1 Raman spectroscopy 
Raman spectroscopy was used to study the sp
3
 fraction in the films. In fact, 
high energy (~100keV) Electron Energy Loss Spectroscopy (EELS) is the most 
reliable characterization method to evaluate the sp
3
 fraction in the ta-C films. 
However, the usefulness of EELS is limited by the need of removing the films from 
the substrate, EELS is a destructive and time-consuming technique. Nuclear 
magnetic resonance (NMR) can be used to detect sp
3
 C atoms but it requires thick 
samples which are rather difficult for the case of DLC due to the high internal stress 
and hence easy consequent delamination. 
On the other hand, Raman spectroscopy is a non-destructive technique 
without the need of special sample preparation. It is widely used to study the bonding 
properties of diamond and diamond-like carbon. The first-order Raman spectrum of 
polycrystalline graphite consists of two peaks [94]. One is called the G peak which is 
located at 1580-1590 cm
1
. It is due to the lattice vibration in the plane of the 
graphite-like rings. The other one is called the “disorder，，D peak which is located at 
1350 cm"
1
. Its occur since is due to the presence of small crystal size graphitic 
clusters. The Raman spectra of ta-C films generally consist of a broad skewed peak 
centered at about 1500-1550 cm"
1
. Prawer et al. proposed to fit the broad peak with a 
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where I(co) is the intensity as a function of the frequency, (D0 is the peak position, r 
us the full width at half maximum, and Q is the coupling coefficient. 
、 It was shown that if the coupling coefficient factor Q is smaller than -20，the 
sp
3
 fraction in the film is larger than 80%[30]. This was confirmed by comparing the 
Raman results with the EELS results. 
However, as point out by [62,79] a visible Raman (wavelength of 514 or 488 
nm) spectrum only reflects the vibration of the sp
2
 bonds. The D peak only reflects 
the vibration properties of the six-fold aromatic ring configuration and the G peak 
reflects those of the chain or ring configuration. They do not reflect the properties of 
the sp
3
 bonds. In principle, the Raman spectra of an amorphous solid is proportional 
to the total vibration density of states (VDOS) multiplied by a cross-section factor 
[31,33]. The cross-section of sp
2
 bonds is 55 times larger than that of sp bonds. 
Moreover, the high frequency stretch modes of sp
2
 bonds are emphasized due to the 
71-71* transition resonance effect [32]. The sp
2
 bonding network exhibits a local sp 
energy gap of ~2eV which is comparable to the energy of the incident photons. The 
sp
3
 bonds do not exhibit such a resonance effect because of the higher local band gap 
of 5.5 eV. As a result, the Raman spectra obtained from the visible excitation is 
2 j 
dominated by the vibration modes of the sp bonds 
On the other hand, Gilkes et al. [33] and Merkulov et al. [32] reported that 
by using ultraviolet (UV) Raman with an excitation wavelength of 244nm 
3 t 
corresponding to a photon energy of 5.1eV, the vibration properties of the sp bonds 
can be detected. The UV Raman spectra of ta-C films consist of a peak at around 
1100 cm"
1
 corresponding to sp
3
 bonds. 
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3.2 IR Photoelasticity (PE) 
3.2.1 Basic principle 
The IR photoelasticity method was employed to directly measure the stress 
distribution in the Si substrates. Hence the stress of the ta-C film can be determined. 
The photoelasticity (PE) is not new and has been widely used in experimental 
mechanics to study the stress distribution in isotropic materials. There are also some 
reports on the application of PE method to study stress in semiconductors [34-37]. 
The principle of PE method and its experimental arrangements has been described in 
details in many standard texts (See [38] and references cited therein). 
Basically, the photoelasticity effect refers to the phenomenon that when an 
ordinarily optical isotropic material is under stress, there will be stress-induced 
birefringence effect (Fig. 3.1). 
‘ r r ^ /
1
 . .. 
polarized light 1 
Fig. 3.1 Birefringence effect. 
The incident polarized light is resolved into 2 components along the 2 
principal stress axes (ai,a2). According to the stress-optic law: 
nt 一 n . = Clf^ _ ( J j ) i, j = 1,2 (3.2) 
where n,s are the principal refractive indices, Ois are the principal stresses, and C is 
the relative stress-optic coefficient. 
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These waves have different velocities due to the different refractive indices. 
The change in the polarization of the light after passing through the sample will 
depend on the stress state of the sample. Information about the stress state of the 
、sample can be obtained from the stress PE patterns [34]. 
The stress-optic law is valid for optically isotropic materials; it is not 
appropriate for crystals since the principal axes of the refractive index ellipsoid 
deviate in general from those of the stress ellipsoid in a crystal. However, it has been 
shown that for crystals with cubic symmetry, such as silicon, and under a two-
dimensional state of stress, when the incident light is along certain directions, the 
stress-optic law can be written in a similar form as Eq. (3.2) but the coefficient C 
now depend on the direction [34]. Fig. 3.2 shows two appropriate choices of such 
incident light directions for (100) and (111) Si wafers. For example, when the 
incident light is along the [Oil] direction, the corresponding values of C for (100) 
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Fig. 3.2 The sample orientations and incident light direction for (a) (100) 
and (b) (111) Si substrates for the photoelasticity experiments. 
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The path difference(R) of the components of light after passing the sample is: 
R = (nf — rij )d = c{ai - (7》 U j = U (3.3) 
where d is the distance of the light travelled in the sample. The phase difference is: 
a = /,7 = U (3.4) 
A 
, A 
let n =— 
In 
a - (J ： = — (3-5) 
cd 
where n is the fractional order. Fig. 3.3 shows the stress direction in the Si wafer. The 
stress in the z direction is assumed to be zero as the thickness of the film is very thin 
in comparison with the thickness of the substrate. Hence, 
( 7 , = - (3.6) 
cd 
I 
i X o t 
Incident light direction 
Fig. 3.3 Principal Stress direction of Si and light incidence direction. 
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Fig. 3.3a A schematic setup of the Senarmont method. 
In this method (Fig. 3.3a), a quarter-wave plate Q is inserted between the 
sample S and the analyzer A. The axes of P and A are aligned at 45° to the secondary 
principal axes and the axis Q is aligned in parallel to the polarizer. The intensity (I) 
of the light at the detector is: 
- , x-j2 




It is clear that a dark fringe occurs when 0 = — and the fractional fringe order n is 
given bvn =—— r . Hence, the stress at the position of the fringe is 
5 】 180 
a . = - ^ - (3.8) 
51
 1800/ 
where k is a constant. The isochromatic fringe can be shifted to the point of interest 
by rotating A by some angle 0. At that point, the stress is just 0 times the other 
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constants. 
The parameters of IR PE set-up is follows: 
入(wavelength of the laser) 1.152 um 
、 C (for (100) Si) 1.87xl0" iZ dyne/cmz 
Depends on the sample 
d 
size, usually is 1 cm 
As a demonstration of the method, shown in Fig. 3.3b are the stress PE 
patterns, intensity profile and stress distribution in a Si substrate covered with a 
thermal oxide layer under various compensation angle [34]. The stress distribution in 
Si was analyzed from the stress PE patterns. The intensity of the patterns were 
extracted and plotted as a function of depth. The position corresponding to the 
minimum intensity was obtained by fitting the intensity curve with a second order 
polynomial. 
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Fig. 3.3b Stress photoelasticity patters of an oxidized Si sample at various 
compensated angle ⑴’ light intensity profile (ii) and stress 
distribution in Si (iii) (after [34]). 
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For a linear stress distribution in the substrate, the stress in the film can be 
can calculated by summing all of the stress in the film /substrate composite to be 
zero. As the film thickness is very thin, the stress distribution in the film is assumed 
、constant. 





film~ I t m m e r f a c e 1 - a 
“ film 
where tsub and t f i l m are the thickness of the substrate and the film, respectively; a is 
normalized distance of the zero stress position from the bottom of the substrate (see 
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3.3.1 Principle of ellipsometry 
The optical properties of the ta-C films in the visible range were determined 
by spectroscopic ellipsometry. Ellipsometry is a non-contact and non-destructive 
technique for the characterization of materials. This technique is based on the 
measurement of the change of the polarization state of a beam of polarized light upon 
reflection from a sample surface. As the change of the polarization state is very 
sensitive to the variation in the optical and structural properties of the samples, 
therefore, ellipsometry can be used to determine the structures as well as the optical 
properties of the reflection materials, including semiconductors, dielectrics, metals 
and polymer coatings. A detailed and comprehensive account of the principle of 
ellipsometry can be found in Ref. [39]. 
The basic principle of ellipsometry is that a collimated beam of 
monochromatic or quasi-monochromatic light, which is polarized in a known state, is 
incident onto the sample surface under examination. Then the states of the 
polarization of the reflected light is recorded and analyzed. From the incident and 
reflected states of polarization, ratios of complex reflection coefficients of the surface 
for the two incident orthogonal polarization states (commonly the linearly 
polarizations parallel and perpendicular to the plane of incidence) are determined. 
These ratios are subsequently invoking an appropriate model by using the 
electromagnetic theory of reflection. Finally, model parameters of interest - usually 
about the structure and the optical properties of the material under investigation can 
be obtained by solving the problem inversely. 
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In ellipsometry, one of the two co-propagating orthogonally polarized waves 
can be considered as a reference for the other. Inasmuch as the state of polarization 
of light is determined by the superposition of the orthogonal components of the 
、electric filed vector. Ellipsometry involves only relative amplitude and relative phase 
measurements. Therefore no absolute reference is required so that it has high 
accuracy. Furthermore, its sensitivity can be used to detect the minute changes in the 
interface region, such as the formation of a submonolayer of atoms or molecules. 
Therefore it has been qualified for many applications in surface and thin film 
technologies. 
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Fig. 3.4 A linear polarized electromagnetic wave perform a screw-like 
motion after reflected from a dielectric material. 
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In a typical scheme as shown in Fig. 3.4, the incident light is linearly 
polarized at a known but arbitrary azimuth and the reflected light is elliptically 
polarized. 
For optically isotropic structures, ellipsometry is carried out only at oblique 
incidence. In this case, if the incident light is linearly polarized with the electric 
vector, vibrating parallel (p polarized) or perpendicular (s polarized) to the plane of 
incidence, the reflected light is likewise p- and s- polarized, respectively. In other 
words, the p- and s- linear polarization are the eigenpolarization coefficients r p and rs. 
For an arbitrary input state with phaser electric-field components E i p and E i s, the 
corresponding field components of the reflected light are given by 
W i p (3. • ) 
E r s = r s E i s (3.10b) 
By taking the ratio of the respective sides of these two equations, one gets: 
p = H (3.11) 
Xr  rs 
where 
( 進 ） 
E. ip 
rp 
Xf and Xr of Eq(3.11) are complex numbers that succinctly describe the indent 
and reflected polarization states of light 一 their ratios. According to Eq (3.12a) and 
Eq (3.12b), the ratio of the complex reflection coefficients for the p and s 
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polarization can be determined. Therefore, ellipsometry involves pure polarization 
measurements (without accounting for the absolute light intensity or absolute phase) 
to determine p. It has become customary to define ellipsometric angles ^ and A as 
、follows: 
p = tanTexpO'A) (3.13) 
where tan
1
? = — represents the relative amplitude attenuation and A=arg(rp)-argfc) r
s 
is the differential phase shift of the p and s linearly polarized components upon 
reflection. 
Regardless of the nature of the sample, p is a function of the angle of 
incidence 如 and the wavelength of light 入. 
P = / ( 0 0 ^ ) (3.14) 
There are several kinds of ellipsometers taking the advantage of different 
methods. Multiple-angle-incidence ellipsometry involves measurements of p as a 
function of ¢0. Spectroscopic ellipsometry (SE) involves the measurement of p as a 
function of X. In variable-angle spectroscopic ellipsometry (VASE), the ellipsometric 
function p of the two variables ¢0 and X is measured. 
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3.3.2 Mathematical representation 
3.3.2a Bulk layer 
For bulk materials, there is only one interface as shown in Fig. 3.5. 
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Fig. 3.5 A light beam reflects from a substrate. 
A linearly polarized light is reflected and refracted at an interface between 
two media with refractive indices N 0 and Ni, respectively. With an angle of incidece 
如，the angle of refraction, ¢7 is given by Snell's Law: 
N0 sin 0O = Nl sin ^  (3.15) 
If both media are transparent, N 0 and Ni are real and so are the angles 如 and 
((h. If Ni (or N0) is a complex number, ¢1 will be complex. Snell's law will still hold 
but the angle of refraction will not respond to the direction of propagation. From the 
criteria of continuous tangential components of the electric and the magnetic fields, 
the Fresnel equation for reflected s- and p- polarized light can be derived: 
r P = N{ cos(l>0-N0 c o s ( 3 1 6 a ) 
01 Nl cos 0O + N0 COS0! 
r s _N0COS(I)0-Nl COS0 1 ( 3 1 6 幻 
01 N0 cos 0O + Nx co s^ 
These reflection coefficients are complex numbers if the ambient to the 
substrate is non-transparent. 
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3,3.2b Single layer structure 
The model for a single layer structure is shown in Fig. 3.6. It consists of a 
single layer, media 1，of parallel-plane boundaries which is surrounded by two semi-
infinite media 0 and 2. Azzam[39] derived the ratio of the amplitude of the resultant 
reflected wave to the amplitude of the incident wave and it is given by the total 
reflection coefficients 
rs = ( 3 m ) 
l + r0>/2exp(-2;jS) 
where the subscript “12” denotes that this Fresenel reflection coefficient is for the 
interface between medium 1 and medium 2，p is the film phase thichness given by: 
f d\ 
P = 2 n - N, cos^ (3.18) 
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Fig. 3.6 Multi reflections of light in a single layer thin film. 
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3.3.3 Spectrosopic rotating analyzer ellipsometer 
The spectroscopic ellipsometer used in this work is a home-built one with the 
rotationg analyzer configuration. Some improvements of the system have been 
、achieved during the course of this work by the replacement of a new rotation stage, a 
new sample holder and some amplifier electronics. Now the system can be used for 
variable incident angle measurements. The accuracy of the measurements has also 
been improved. 
L i g h t
 Monochromator Detector 
source Analyzer 
(bating) ^ ^ 
Polarizer fixed at 45° 
Sample 
Fig. 3.7 A diagram of spectroscopic rotating analyzer ellipsometer. 
Fig. 3.7 is a schematic of spectroscopic rotation analyzer ellipsometer. The 
polarizer is fixer at 45° inclined to the plane of incident. The rotating analyzer is 
controlled by a step motor. 300 data of light intensity was measured by the photo 
multiplier tube (PMT) within a cycle. 
When a light of any polarization state impinges onto the rotating analyzer, the 
intensity can be expressed as: 
/ (0) = / 0 (1 + a cos 20 + sin W) (3.19) 
where 6 is the azimuth angle of the transmitting axis of the analyzer, measured 
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counterclockwise from the plane of incident looking toward the source. I0 is the 
maximum intensity for a full rotating of the analyzer. The coefficients a and p are 
the normalized Fourier coefficients. These normalized Fourier coefficients can be 
^calculated according to the expressions [40]: 
^ZjK c o s - t t 
a = "
=1
 Y 、 N , (3.20a) 
7 j n 
2 2 j h s i n — 
\  N / {3.20b) 
Lj n 
Where In (n=l，2，..."N，N=300) is the intensity obtained at 300 equally spaced 
angular positions within one complete rotation cycle. 
From the Fourier coefficients, the ellipsometric parameters can be obtained 
by the following equations: 
\ +av 2 
tan 屮 = — (3.21a) 
cosA= /
 P
 x l / (3.21^) 
Fig. 3.8a and Fig. 3.8b show the schematic and experimental setup of the 
ellipsometer. 
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Fig. 3.8a A schematic of the spectroscopic rotation analyzer ellipsometer. 
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Fig. 3.8b A picture of the spectroscopic rotation analyzer ellipsometer. 
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3.3.4 Analysis method 
The two ellipsometry parameters tanT and cosA are obtained as a function of 
wavelength. However, the optical parameters of the film cannot be obtained directly. 
Therefore, a regression analysis is used. In this process, an optical model has to be 
constructed for the sample being characterized. The film thickness and other model 
parameters are obtained by fitting of the measured spectra. A flow chart showing the 
ellipsometry measurement procedure and analysis procedure is shown in Fig. 3.9. 
The regression analysis was based on Levenberg-Maquardt (LM) algorithm [96] and 
realized by using a Matlab program. 
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Fig. 3.9 Flow chart of the ellipsometry measurement and analysis procedure. 
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3.3.5 Forouhi and Bloomer (F.B.) model 
It is difficult to specify the optical model of amorphous semiconductors by an 
ellipsometry layer calculation, since the optical functions of these materials can vary 
、considerably with the deposition conditions. Recently Forouhi and Bloomer [41] 
have parameterized the spectroscopic dielectric function of semiconductors using a 
five-parameter model, which is derived from the Kramers-KrOnig dispersion relation 
(KK relation): 
_ = (3.22ft) 
E — B0E + CQ 
where 
B0 = - f — + EgB-Eg 2+c] (3.23a) 
o 2 g S j 
C 0 = - B^-^-2E+C (3.23b) 
Q 2  g 
Q = 0.5{4C-B 2Y 2 (3.23C) 
and E is the energy. The five-fitting parameters are the band gap (Eg)，the refractive 
index at infinity n(oo), and the three positive constants A，B，C. This formula was 
successfully applied to a wide class of amorphous materials, including a variety of 
amorphous silicon (a-Si), hydrogenated amorphous silicon (a-Si:H), amorphous 
silicon nitride (a-Si3N4) and amorphous titanium oxide (a-Ti02). The F.B. model will 
be adopted in the analysis of the ellipsometry spectra for the ta-C films in this work. 
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3.4 Tribology: 
Fiction is common phenomena in daily life. In many instances, low friction is 
desirable. For example, the low friction in bearing is required since work done in 
、overcoming friction in bearings is dissipated as heat, and its reduction will lead to an 
overall increase in efficiency. But low friction is not necessarily beneficial in all 
cases. In brake and clutches, friction is essential; high friction is similarly desirable 
between a vehicle between tyre and the road surface. 
3.4.1 The definition of friction: 
The force known as friction can be defined as the resistance encountered by one 
body in moving over another. This broad definition embraces two important classes 
of relative motion: sliding and rolling. The distinction between rolling and sliding 
friction is useful, but the two are not mutually exclusive, and even apparently 'pure， 
rolling nearly always involves some sliding. 
In both ideal rolling and sliding, as illustrated in Fig. 3.10，a tangential force F is 
needed to move the upper body over the stationary counterface. The ratio between 
this frictional force and the normal load W is known as the coefficient of friction, and 
is usually denoted by the symbol \x : 
” I (3.24) 
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Fig. 3.10 A friction force F generated in (a) rolling (b) sliding motion. 
The magnitude of the frictional force is conveniently described by the value of 
the coefficient of friction, which can vary over a wide range: from about 0.001 in a 
lightly loaded rolling bearing to greater than 10 for clean metals sliding against 
themselves in vacuum. For most common materials sliding in air, however, the value 
of lies in the narrower range from about 0.1 to 1. 
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3.4.2 Tribometer 
Among the various kinds of tribometers, the pin-on-disk tribometer is a 
common one (Fig. 3.11). It consists of a flat or a sphere (“pin，，）loaded onto the test 
、sample ("disk") with a precisely known weight. The pin is mounted on a stiff lever, 
designed as a frictionless force transducer. As the disk is rotated, resulting frictional 
forces action between the pin and the disk are measured by the very small deflections 
of this lever. This simple method facilitates the determination and study of friction 
and wear behavior of almost every solid-state material combination, with varying 
time, contact pressure, velocity, temperature, humidity, lubricants, and etc. 
Weighf IN, 2H, 5N 咖 ION 
^p l ^ j ^ ^ f： , flostic asm , , .—， , 
^^mrwF / - — . : : : M 
Ci^J "‘ jfflr 
•so， r". … __誦广• . JMr 
\ 聊 , M 
Pin bail hoi£ls« 
y • 、、〜一 
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i (or IcqulcJ lesilnfl 
Fig. 3.11 A diagram of a pin-on-disk tribometer. 
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The Raman spectra for the ta-C films prepared at various substrate bias 
voltages as indicated are shown in Fig. 4.1.1. The Raman spectra for the ta-C films 
with various film thickness (as indicated) prepared at the same substrate bias voltage 
are shown in Fig. 4.1.2. Other deposition conditions were kept unchanged during 
deposition. The visible Raman spectra were measured using a Renishaw Raman 2000 
spectrometer operated with a 20mW Ar laser at 514nm. Each spectrum was obtained 
by accumulating 10 cycles of measurements, The film thickness was determined by 
fitting the SE spectra with the F.B. model. For the two films prepared at substrate 
bias voltages of -40V and -80V with thickness larger than lOOnm, however, the film 
thickness was measured by an a-step depth profiler across the cracks existing in the 
films. 
The square shape second order Si peak at around 950 cm"
1
 from the substrate 
and the broad G peak located at around 1550 cm"
1
 are clearly shown in all these 
spectra. As discussed in Chapter 3.1, the G peak was fitted with the single skewed 
Breit-Wagner-Fano (BWF) lineshape as described by Eq (3.1). The BWF coupling 
coefficient, Q, can be used to estimate the sp
3
 fraction in the ta-C films. As shown in 
Fig. 4.1.1 and Fig. 4.1.2，the G peaks are well fitted with the BWF lineshape. The 
fitting was performed using a commercial available Peakfit program. The fitting 
results of the Q value from the spectra are plotted against the substrate bias voltage in 
Fig. 4.1.3 and are plotted against the film thickness in Fig. 4.1.4, All of the Q values 
are smaller than -20. This indicates that the sp
3
 fraction in the ta-C films prepared at 
various substrate voltages (0V to -2.8 kV) and various film thickness (〜20nm to 
〜140nm) are larger than 80%. 
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Fig. 4.1.1 Raman spectra of the ta-C films deposited at various substrate bias 
voltages as indicated. 
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Fig. 4.1.2 Raman spectra of ta-C films prepared at a substrate bias of -80V 
with various film thickness as indicated. 
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Fig 4.1.3 The fitted values of the BWF coupling coefficient, Q, for the Raman spectra 
of the Fig. 4.1.1 against the substrate bias voltage. 
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Fig. 4.1.4 The Q factor against the film thickness for ta-C films prepared at 
the same substrate bias voltages as indicated. 
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4.1.2 Stress 
In this session, the stress in the ta-C films and the stress distribution in Si 
substrates induced by the ta-C films prepared at various substrate bias voltages were 
、studied using the photoelasticity (PE) method as discussed in chapter 3. Moreover, 
the stress in the film was also studied using the curvature method. The curvature of 
the films was measured using a WYKO surface profiler which is an non-contact 
optical profiler with vibration free isolation. The two dimension curvature was 
measured. The stress in the film was calculated by Stoney's equation[91] 
G 二 〜ub_！jub_ 丄 一 _ i _ (4.1) 
film'6(l-vsub)tfilm{R Rsubj 
where Esub, ^sub and tsub are the elastic modulus, Poisson ratio and thickness of the 
substrate, and R and RSUb are the radi of the curvature of film-substrate composite 
and the bare substrate, respectively. 
In this experiment, the ta-C films were deposited on p-Si (100) of 15-25 Qcm 
with a substrate thickness of 525 jim. The film thickness is about lOOnm determined 
by fitting the SE spectra with the F.B. model. The sample for the PE measurement is 
of rectangular shape with a typical size of about lcm x lcm. The sample orientations 
and incident light direction are schematically shown in Fig. 3.2. 
The stress patterns of the Si substrates measured by the Senarmont method 
at 0° compensation angle are shown in Fig. 4.1.5. Both the zeroth order and the first 
order stress fringes were observed in the substrate for the ta-C films prepared at low 
substrate bias voltages of -40V and -80V. However, for the ta-C films prepared at 
higher substrate bias voltages of -160V and -240V, only the zeroth order stress fringe 
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was observed in the substrate. The order of the zero-stress fringe is checked by 
adding a small loading on the surface of the film. If it is the zero stress fringe, it will 
not move. 
、 The stress distribution in the Si substrate is shown in Fig 4.1.6. The stress is 
tensile at the film-substrate interface and compressive at the bottom of the substrate. 
The position of the zero stress fringe is at around 0.2 of the depth from the bottom. 
The stress distribution is quite linear. Using Eq (3.9)，the stress in the films can be 
calculated. Fig 4.1.7 shows the stress in the film derived from the stress distribution 
in the Si substrate and that measured by the curvature method as a function of the 
substrate bias voltage. The stress derived from these two methods show the same 
trend but with an offset between them. 
The Stoney's equation was obtained by assuming a long beam structure with 
only one dimension curvature. But in the present case, the curvature distribution 
measured is sphere-like. On the other hand, there is no such assumption for the stress 
deduced from the PE method. In addition, for the PE method, the sensitivity of the 
measurement is very high. A stress with a magnitude as low as 10
4
 Pa can be 
measured [34]. Therefore, the quantitative values obtained by the PE method should 
be more accurate than those by the curvature method. 
The stress values in the ta-C films prepared at lower bias voltages are larger 
than those of the films prepared at higher bias voltages. It is believed that the ta-C 
films prepared at higher bias voltages can generate a higher deposition temperature. 
As a result, the films will undergo some stress relaxation process during deposition, 
and this reduces the compressive stress in the film. 
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Fig. 4.1.5 The stress patterns in Si induced by ta-C films prepared at 
various substrate bias voltages as indicated. All of the fringes 
are measured at zero compensation angle. At the top is a 
schematic diagram of the arrangements of the polarizer P, 
quarter-wave plate Q, analyzer A and compensation angle 0. 
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Fig. 4.1.6 Stress distribution in Si induced by ta-C films (〜lOOnm) 
prepared at various substrate bias voltages. 
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Fig. 4.1.7 The compressive stress of the ta-C films prepared at various bias voltages. 
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4.1.3 Optical properties 
The ta-C films have potential applications as an anti-reflective coating due to 
its IR transparency. The optical gap is an important parameter for semiconductor 
、materials. In this session, the optical properties of the ta-C films will be studied using 
spectroscopic ellipsometry (SE). The complex refractive index N=n-ik and the 
optical gap of the ta-C films will be determined by analyzing the SE spectra using the 
Forouhi and Bloomer (F.B.) model. 
4.1.3.1 Optical model for the ta-C film 
Studying the optical properties of material using SE spectra is not a direct 
method, it needs an inversion (fitting) process. As a result, a model that simulates the 
optical properties has firstly to be generated. The bonding structure of the ta-C films 
is of prime importance in the determination of the model. Raman spectrum is a 
reflection of the bonding structure in the film. The Raman spectra of the ta-C films 
fitted with the BWF lineshape confirmed that the sp
3
 fraction in the ta-C films is 
larger than 80% (Fig 4.1.1 & Fig. 4.1.2). In the Raman spectra, there are two peaks 
exist. One is located at around 950 cm"
1
, which is the second order Si peak. This peak 
is nothing related to bond structure of the ta-C film. The other one is a broad peak 
located at around 1550 cm"
1
 which is due to the sp
2
 bond configuration. From the 
Raman spectra, we can confirm that the bonding structure in the ta-C film are mainly 
sp
3
 bond (larger that 80 %) and together with a small fraction of sp bonds. 
In the sp
3
 bonding structure, each of the four valence electron form a strong a 
bond. On the other hand, in the sp
2
 figuration, three of the four electrons form the a 
bonds and the fourth electron, which lies in the pz orbit, is lying normally to the a 
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bonding plane. This forms a weaker n bond with the adjacent p z orbits [55]. The 
density of states for the ta-C is contributed by the |a > (bonding state), |a *> (anti-
bonding state), 171 > and 171 *> orbitals as shown in Fig. 4.1.8 [56，57]. 
The F.B. model can be used to simulate the inter-band absorption of the 
amorphous layer. This model assumes that the bonding states, |a > and 171 > and anti-
bonding states, |a *> and | ti* > are merged to produce the bonding, |a，> and anti-
bonding, |cr，*>，respectively [57]. Furthermore, the |a ' > and |a ' *> states are 
assumed to be parabolic [58], 
N j E ) = \ E - E c f (4.2) 
where the Nc,v is the density of states function for the conduction and valence band, 
respectively. The Ec,v is the minimum conduction band energy and maximum valence 




L-^ • rj(E) 
Fig. 4.1.8 A schematic diagram of the density of states for the ta-C films. 
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In the F.B. model, the five-fitted parameters are the band gap (Eg), the refractive 
index at infinity n(oo), and the three positive constants A，B and C. The band gap is 
defined as: 
、 E g = E b c o t t o m f 4 . 3 ； 
where E bc ottom, Ey P represent the bottom of the conduction band and the top of the 
valence band, respectively. In order to fulfill the dispersion relationship, the 
constraints of 4C-B
2
>0 must be satisfied [41]. 
4.1.3.2 Figure of merit 
In order to perform the fitting of a model to the experimental data, a figure of 
merit (FOM) must be defined. The FOM is used to quantify how well the calculated 
spectrum fits the experimental data. The FOM in this non-linear least square fitting 
problem is defined as the sum of the squared errors (e
2
) which is defined as follows. 
一 = - t a n ^ y ~{cosA cal-cos^j) (4.4) 
where the number of the measured tan\|/ and cosA pairs is N. The superscripts exp 
and cal denote the experimental and calculated values respectively. A smaller e 
value indicates a better fit. 
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4.1.3.3 Results and discussion 
Typical SE spectra for the ta-C films prepared at various substrate bias 
voltages measured from 350nm 750nm are shown in Fig. 4.1.9 a，b，c，respectively. In 
、the literature, a good fit of the ellipsometry spectra for ta-C films of Si substrates 
have been achieved using a rather elaborated structural model, which includes a 
transition layer between the ta-C film and the Si substrate and a top layer to model 
the surface roughness effect [57]. In principle we can follow the same approach. 
However we found that a reasonable good fit of the spectra can be obtained as shown 
in Fig. 4.1.9 (a，b，c) by assuming a simple film-on-substrate structure. 
Results show that the refractive index (n) in the visible range are between 2.4 
to 2.8 (see Fig. 4,1.10a). The extinction coefficients are quite small and range 
between 0 and 0.15 in the range of wavelength of 500nm to 750nm (see Fig. 
4.1.10b). The ta-C films are quite transparent in the visible range. The features of the 
results are mostly similar to those reported in Ref.[57]. The film thickness was also 
determined by fitting the SE spectra to be about 40nm. 
The optical properties of the ta-c films prepared with various film thickness 
while keeping all other deposition conditions unchanged were studied. Typical SE 
spectra for ta-C films prepared for various film thickness are plotted in Fig. 
4.1.11a，b,c，d，respectively. The refractive index (n) and extinction coefficient (k) of 
these films are shown in Fig. 4.1.12 (a，b)，respectively. The n and k values have an 
inverse trend in the 500nm to 750nm range. A lower value of n correspond to a 
larger value of k. Moreover, the extinction coefficient for the film with a thickness of 
22.5nm has a k value of 0.2 which is larger than the samples with other film 
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thickness (0.05 to 0) at wavelength from 650 to 750nm. It has been shown that the 
sp
3
 fraction controls the mechanical properties while the sp
2
 sites primarily control 
the optical properties [59,60]. The larger k values in the thinnest film among the four 
、samples may be due to the larger sp2 fraction in the film compared with the others. 







 rich layer and the Si substrate[61]. 
Although the sp
2
 layers consist of only about several atomic layers and the total 
thickness of the sp
2
 layers is just 1 to 2nm, however, for the ta-C films in the present 
study with a thickness of around 20nm, such sp
2
 layer thickness cannot be ignored. 
The optical gap as a function of the substrate bias voltage is shown in Fig 
4.1.13. The optical gap has a value between 2.4eV to 2.7eV. We do not observe a 
simple trend from this curve. It is reported that the optical gap and the sp fraction 
are not related directly as a function of annealing temperature [63]. On the other 
hand, the sp
3
 fraction was reported to keep constant while the optical gap decreases 
as the deposition temperature increases [62]. These results suggest that the optical 
gap of the ta-C films do not have a simple relation with the sp
3
 fraction. The optical 
gap of a wide range of as-deposited amorphous carbon, however, correlates well with 
their total sp
2
 content [64]. The Raman spectra of the ta-C films only exhibit a G 
peak which was arose from the vibration of six-fold ring or chain configuration [62]. 
And the sp
2
 fraction and another bonding structures are not known. Therefore, there 
is not a simple relation between the optical gap and the substrate bias voltage. 
The sensitivity of the parameters in the F.B. model was analyzed by changing 
the value of one particular testing parameter while by fixing the other parameters. 
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The sensitivity is indicated by a significant increase in the sum of square errors. This 
means that the optimized parameters can be found accurately by the fitting 
process[57]. Table 4.1.1 shows the parameter values obtained from fitting the F.B. 
、model. The film thickness of the ta-C prepared at zero voltage was by connecting the 
substrate to ground directly. As a result no charge arriving at the substrate can be 
counted for this sample. The film thickness was estimated by the deposition time. In 
order to fulfill the KK dispersion, the constraint 4C-B
2
>0 must be valid. The 
parameters B and C fitted from the F.B. model fulfill this constraint. In our fitted 
result，the n(°o) is always greater than 1 in all cases. This is contrasted with the 
assumption in the classical dispersion model which assumes that n(oo) equals to 1. A 
should be greater than zero. In our fitting results, A is always between 0 and 1. All of 
these results are similar to the results reported in the literature [41,57]. 
Optical gap 、 
Bias Voltage Thickness A B L ( e V ) 
(v) (±2nm) (±0.05) (士 0.35) (土 2) ( ± Q 1 ) (土 0.05) 
0 56^91 0 l 9 7 5 350 0 7 4 2^57 2.599 
-40 46.244 0.397 5.350 10.379 2.467 2.530 
-60 48.211 0.319 5.350 9.657 2.390 2.546 
-80 42.955 0.393 5.350 9.305 2.569 2.566 
-100 48.278 0.211 5.350 8.002 2.590 2.612 
-130 44.675 0.290 5.351 8.272 2.686 2.618 
-160 41.666 0.216 6.671 12.223 2.450 2.437 
-240 44.596 0.221 5.476 7.908 2.674 2.636 
Table 4.1.1 Parameters of the F.B. model after fitting the SE spectra. 
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Fig. 4.1.9(a，b) Typical SE spectra for the samples prepared at various substrate 
bias voltages as indicated. The symbols are the experimental data 
and the lines are the fitting results. 
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Fig. 4.1.9(c) Typical SE spectra for the samples prepared at various substrate bias 
voltages as indicated. The symbols are the experimental data and the 
lines are the fitting results. 
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Fig. 4.1.10 (a，b) The fitting results of the index of refraction and the 
extinction coefficient using the F.B. model. 
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Fig. 4.1.11 (a,b) Typical SE spectra for the samples prepared at various film thickness 
while keeping other deposition condition unchanged. The film 
thickness and bias voltages as indicated. The symbols are the 
experimental data and the lines are the fitted results. 
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Fig. 4.1.11 (c，d) Typical SE spectra for the samples prepared at various film thickness 
while keeping other deposition condition unchanged. The film 
thickness and bias voltages as indicated. The symbols are the 
experimental data and the lines are the fitted results. 
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Chapter 4 ^L 
4.1.4 Mechanical properties 
4.1.4.1 Hardness 
The hardness (H) and the elastic moduli (E) of the ta-c films were studied 
using a Nano-intentator® XP system. The H and E of the samples were measured 
with a Berkovich，three-sided pyramid diamond indenter with a nominal angle of 
65.3
0
 between the tip axis and the facet of the triangular pyramid. The resolution of 
the load and displacement of the system are 50nN and O.Olnm, respectively. The 
isolation of the system includes an environmental isolation cabinet and a vibration 
isolation table in order to prevent it from thermal or acoustic disturbance while 
performing the measurements. 
Experiments were performed in a clean air environment with a relative 
humidity of -50% at an ambient temperature of 22°C. In order to reach thermal 
equilibrium with the cabinet, the films were placed into the cabinet for several hours 
prior to test. Measurements were taken place at mid-night to avoid vibration. Before 
starting the measurement, two indents of lOOnm depth were conducted in a standard 
(fused silica) sample to evaluate the tip condition. The thickness of the film was 
about lOOnm which was determined by fitting the SE spectra with the F.B. model. 
For each sample 5 indentations were performed by the constant depth mode. 
The hardness of the ta-C film prepared at a substrate bias voltage of -80V is 
plotted against the contact depth as shown in Fig 4.1.14. At larger contact depths, the 
hardness is approaching the hardness of Si (12.5GPa). At a small contact depth of 
around 45nm, the hardness is the highest and this should correspond to the actual 
property of the film. As a result, the hardness measured at this contact depth will be 
used as the reference value for all the films. 
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The hardness and the elastic modulus of the ta-C films prepared at various 
substrate bias voltages were shown in Fig. 4.1.15. From the results, we can see that 
the hardness and elastic modulus of the ta-C films prepared at lower substrate bias 
、voltages are larger than those prepared at the higher ones. The highest hardness and 
elastic modulus among the samples are 47.2GPa and 260.8GPa, respectively. This is 
attributed to the fact that deposition at higher bias voltages will introduce more beam 
heating. As a result, the stress will be relaxed (Fig. 4.1.7). The Raman spectra fitted 
with the BWF lineshape confirmed that the sp
3
 fraction in the films prepared at 
various substrate bias voltages in this study by the pulsed filtered vacuum arc 
deposition method is larger than 80%. Unfortunately, the Q factor of the BWF 
lineshape cannot distinguish more quantitatively the sp
3
 fraction among these high 
sp
3
 fraction films. It is believed that the sp
3
 fraction is related to the mechanical 
• 3 
properties [59,60]. Thus the highest hardness should correspond to the highest sp 
fraction in the film. The highest hardness of the ta-C films prepared by the pulsed 
filter vacuum arc deposition system are obtained at a substrate bias value of -80V 
which is near to the optimized bias voltage (100V) reported in the literature. 
The hardness of the ta-C film reported in the literature can reach a value of 
40GPa-80GPa[54,65]. Such a deviation among the reported values may be partially 
attributed to the substrate effect. This is because the indenter penetrating into the 
film deforms not only the film but usually also the substrate. As the hardness (elastic 
modulus) of Si substrate is 12.5 (168) GPa which is softer than the ta-C film. As a 
result, the hardness and elastic values measured are in fact those of the composite 
(film and substrate) [66]. The substrate effect has been studied in terms of film 
thickness dependence on the hardness in the literature. For the ta-C films of various 
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film thickness (lOOnm, 200nm and 320nm) prepared at the same condition, it was 
demonstrated that the hardness increased with the increasing of the film thickness 
[67]. The hardness of the lOOnm film is 34 GPa and the hardness of the 320nm is 60 
、GPa [67]. The thickness of the ta-C film in the present study is about lOOnm and the 
highest hardness value we get is 47.2GPa which is similar to the one of 34GPa 
reported in Ref. [67]. Due to the high compressive stress (16.8GPa)，the ta-C films 
cannot be deposited thicker than lOOnm. Otherwise cracks will develop. It should be 
noted that the values of hardness and elastic modulus obtained may include some 
substrate effect. 
The mechanical properties concerned not only the hardness but also the 
elastic deformation. Fig. 4.1.16 shows the load-displacement curves of the ta-C films 
prepared at various substrate bias voltages. The Indentation test was performed at a 
constant penetration depth mode (~45nm). The maximum penetration depth is almost 
the same. However, the maximum loading is slightly larger for the ta-C film prepared 
at a lower substrate bias voltage which shows also larger hardness. The residual 
displacement in all the samples is almost the same. This indicates that the elastic 
deformation is quite similar. 
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Fig. 4.1.14 The hardness of the ta-C film prepared at -80V as a function of contact depth. 
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Fig. 4.1.16 The load-displacement curves of the ta-C films prepared 
at various substrate bias voltages (as indicated). 
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4.1.4.2 Friction 
One of the potential applications of ta-C films is for use as a protective 
coating especially for the magnetic recording media. The a-C:H has been widely 
、used as the hard disk protective coating with a fiction coefficient between 0.1 to 0.2. 
However, the thermal stability of the a-C:H is not as good as ta-C. 
The friction properties of the ta-C films prepared at various substrate bias 
voltages were measured using a "CSEM Pin-On-Disk Tribometer System". The 
surfaces of the sample are cleaned with acetone prior to testing. A 6mm diameter 
steel ball was used and cleaned with acetone. The sliding speed was 3cms
_1
 and the 
sliding radius is 3 cm. The sliding cycles are 10 OOOcycles (0.19 km) and 100 
OOOcycles (1.9 km), respectively. Measurements are conducted in a relative humility 
o f50%at22 °C . 
The friction coefficients against the sliding distance of the ta-C samples 
prepared at various substrate bias voltages are shown in Fig. 4.1.17. The thickness of 
the sample is about lOOnm which was deducted from fitting the SE spectra using the 
F.B. model. 
At the beginning of sliding, the friction coefficient slightly increased to about 
0.2 and then decreased substantially and eventually reach a steady state value of 0.1 
to 0.12. The higher initial friction coefficient is due to the initial rubbing with the 
surface which is generally rougher. As the sliding distance increased, the surface 
roughness reduced leading to a lower friction coefficient. For the longer sliding 
testing of 1.9 km which took about 20 hours to perform, the variation of fiction 
Chapter 4 TL^ 
coefficient against sliding distance is shown in Fig 4.1.18. The steady state friction 
coefficient drops from 0.1 to 0.085. A recent review of the tribological properties of 
DLC films showed that, in all environments, the tribological behavior of DLC is 
、controlled by an interfacial transfer layer formed during friction. The transfer layer is 
formed by a friction induced transformation of the top layer of the DLC film into a 
material with low shear strength [4，68，69]. This transformation may be caused by 
the friction induced annealing, or by thermal and strain effects generated during 
sliding [4，68，69]. Such transformed layer will induce a lubricating effect which will 
lower the friction coefficient. 
The wear rate of the ta-C film prepared at 一 8 0 V after 1.9 km sliding 







. In the literature, it was report that the wear rate for non-hydrogenated 








 [4] which is an order of magnitude 
higher than our result. 
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Fig. 4.1.17 Friction coefficient of ta-C films prepared at various substrate bias 
voltages as indicated. 
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4.2 Annealed Samples 
4.2.1 Thermal stability of the ta-C film 
The thermal stability of ta-C films is an important issue for applications. In 
this session the thermal stability of the ta-C films prepared at various bias voltages 
will be studied. Two sets of samples were subjected to vacuum annealing (VA) and 
vacuum rapid thermal annealing (v-RTA), respectively. In vacuum annealing, the ta-
C films (~100nm) were annealed for 30 minutes from 100°C to 500°C and in v-RTA 
annealing, the ta-C films were annealed for 2 minutes from 100°C to 900。C. Both of 
the experiments were carried out in such a way that the same sample was annealed at 
the respective temperature range with a temperature increment of 100°C below 
500°C and an increment of 200°C above 500。C. 
The typical visible Raman spectra of the ta-C film prepared at a substrate bias 
voltage of -80V after vacuum annealing and v-RTA annealing at the annealing 
temperatures indicated were shown in Fig. 4.2.1 and Fig. 4.2.2, respectively. For all 
the annealing temperatures and annealing time (30 minutes for VA and 2 minutes for 
v-RTA), the Raman spectra are quite similar to the as-deposited samples. The square 
shaped second order Si peak still exists which indicates that the ta-C films are still 
transparent. The D (disorder) peak located at -1360 cm"
1
 does not exist. This shows 
that there is no graphitization in the ta-C films. The board G peak located at around 
1550 cm"
1
 are clearly seen in all these spectra. Fitting the G peak with the BWF 
lineshape, the coupling coefficient Q of the ta-C films after vacuum annealing and v-
RTA annealing are shown in Fig. 4.2.3 and Fig. 4.2.4, respectively. In all the 
temperature ranges and annealing time periods, the Q values are smaller than -20 
which indicates that the sp
3
 fraction in the films are still larger than 80%. 
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In the literature, it was reported that the ta-C films with a sp
3
 fraction of 70% 
graphitizes at 900°C [81]. Base on these results, we can conclude that the thermal 
stability of the ta-C film prepared by the pulsed filtered vacuum arc deposition 
system are very stable from 100°C to 900°C. 
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Fig. 4.2.2 Raman spectra of the ta-C films (-80V,106.3nm) after v-RTA 
annealing for 2 min. at the temperatures as indicated. 
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Fig. 4.2.4 Q factor from the Raman spectra of ta-C films prepared at various substrate 
bias voltages after v-RTA annealing for 2 minutes from 100°C -900°C. 
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4.2.2 Stress relaxation 
One of the problem associated with ta-C films is the high intrinsic stress in 
the film. In our previous study, the compressive stress in the films can be as high as 
16.8GPa. The stress limits the film thickness. The film prepared at -40 and -80V 
cannot be deposited with a thickness over lOOnm otherwise cracks exist. 
The stress relaxation of the ta-C films prepared at -80V after vacuum and v-
RTA annealing are studied using the PE method. The details of the annealing 
procedure have been described in the previous sessions. 
The PE patterns in the Si substrate induced by the ta-C film prepared at a 
substrate bias of -80V after vacuum annealing and RTA annealing were shown in Fig. 
4.2.5 and Fig.4.2.6, respectively. The PE patterns are measured by the Senarmont 
method at 0° compensated angle. In the 30 minutes vacuum annealed samples, the 
first order fringe disappear after being annealed at 300°C. However, in the 2 minutes 
v-RTA samples, the first order fringe still exists after annealed at 500°C. The 
variation of the stress distribution in the Si substrate for these two samples with 
annealing are shown in Fig. 4.2.7 and Fig. 4.2.8, respectively. The stress reduction 
percentage in the ta-C film as a function of annealing temperature after vacuum 
annealing and v-RTA annealing are shown in Fig. 4.2.9. The stress distribution in Si 
is quite linear in all the annealing temperature and shows a trend of reduction in 
stress. The stress reduction in the film is compared in Fig. 4.2.9. For the annealing 
temperature lower than 500°C, the stress relaxation after vacuum annealing for 30 
minutes are 20% more effective than the v-RTA annealing because of the difference 
in the annealing time. 
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It was stated that the compressive stress is required to stabilize the metastable 
sp
3
 bonding in DLC [70,71]. This statement is only valid for the as-deposited 
condition as the Raman spectra of the annealed ta-C films confirmed that the sp 
fraction still maintained at larger than 80% while the stress was removed partially. 
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Fig. 4.2.5 Stress photoelasticity patterns in Si induced by ta-C (-80V, 103.6nm) film 
at the same compensated angle 0=0° after vacuum annealing 
temperatures as indicated for 30 minutes. At the top is a schematic 
diagram of the arrangements of the polarizer P, quarter-wave plate Q, 
analyzer A and compensation angle 0. 
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Fig. 4.2.7 Stress relaxation in the Si substrate of the ta-C film (-80V, 103 .6nm) 
after vacuum annealing for 30 minutes. 
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Fig. 4.2.8 Stress relaxation in the Si substrate of the ta-C film(-80V,103 .6nm) 
after v-RTA annealing for 2 minutes. 
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4.2.3 Stress and G peak shift 
It was reported that the G peak position in the Raman spectra for the ta-C film 
is correlated with the film stress. The G peak position shift to a higher position if the 
film stress is more compressive [80,84]. In our as-deposited samples, we observed 
this trend as shown in Fig. 4.2.10. The G peak position for the ta-C film prepared at -
40V and - 80V are within the measurement error of 土 1cm-1. However, we do not 
observe the G peak shift in the annealing experiments when the stress relief is up to 
80%, the G peak position still keeps roughly constant as shown in Fig. 4.2.11. It has 
been reported by several other groups that for ta-C films prepared by FAD or pulsed 
laser deposition, the G peak position does not decrease with stress relaxation [74-79]. 
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Fig. 4.2.10 Stress and the G peak position for the ta-C films prepared at various 
substrate bias voltages after various annealing. 
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Chapter 5 Future Work 
5.1 Film roughness and thickness profile improvement 
The AFM morphology shows that there are still some macro-particles in the 
film. Ta-C film is a promising material to be used as an ultra-thin protective coating 
in many applications, especially in the magnetic recording industry. As a result, the 
surface roughness has to be improved in order to fulfill the industrial requirement. 
The filtering efficiency of a 90° filter duct cannot completely eliminate these 
macroparticles. Such a problem is common when graphite cathodes are used. The 
macroparticles can be reflected from the filter wall leading to incomplete filtration. 
A new filter design which consists of two 90° filters in series to form a S 
shape has been reported in the literature [85,86]. The efficiency of marcoparticle 
filtration is increased and the capability of film deposition complying with the 
requirements of the magnetic recording industry can be achieved. Fig. 5.1 shows a 
schematic of the S-shaped filter design. 
Moreover, in order to improve the uniformity of the film, a magnetic 
multicusp (magnetic bucket) can be applied at the filter exit. The variation of the film 
thickness is only 5% over a substrate diameter of 10cm [86,87]. With this technique, 
the filtered arc deposition method can be used for the industry. Fig. 5.2 shows a 
schematic of the magnetic multicusp system. 
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Fig. 5.1 Schematic of the S-shaped filter incorporated in the plasma system (after [85]). 
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Fig. 5.2 End view of the magnetic multicusp with schematic plasma distribution (after [87]). 
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5.2 Pulsed substrate bias 
The deposition rate of the existing DC substrate bias is 3A per minute. The 
reason related to the low deposition rate may be due to the possibility of charge 
building up during deposition which will repulse the subsequent incoming C+ ions. A 
pulsed substrate bias can provide a time to time discharge and eliminate this charge 
building up problem. This also permits a higher voltage to apply between the sample 
and the plasma [86]. 
5.3 Field emission and doping possibility 
Ta-C film is a potential cathode material for use in the flat panel display 
(FPD) as an electron field emission material due to the low threshold electric field of 
10Vpim
_1
[3，4] or lower. In the present FPD technology, electron emission is carried 
out by sharp Si or Mo tips with a threshold electric field of 20-30Vpm
_1
. 
Undoped ta-C film is a p-type material with the Fermi level of 0.2eV above 
the valence band. This was reported by Amaratunga et al [88-90]. They also reported 
that the Fermi level of the ta-C film can be shifted closely to the conduction band by 
doping with N or P. The doping of ta-C with N can further reduce the threshold 
electric field, with a maximum reduction to 5V\im l. It has been reported that the 
field emission properties of metallic tip are improved after coated with ta-C films [4]. 
As a result, the study of the field emission properties of the ta-C films and its doping 
properties is of interest for future work. 
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Chapter 6 Conclusion 
The thickness of the ta-C prepared by the pulsed filtered arc vacuum system 
can be precisely controlled because each of the incident carbon ions is counted 
accurately by a Faraday cup. This advantage makes this system favorable to prepare 
ultra-thin protective coatings (2-10nm), especially as the coating for the head and 
disk interface application in the magnetic recording industry. 
The sp
3
 fraction in the ta-C film prepared at various substrate bias voltage 
(OV to -2.8kV) and film thickness (~20nm to ~140nm) was confirmed to be larger 
than 80% by fitting their Raman spectra with the BWF lineshape. These results show 
that the ta-C film prepared by this system are generally with a sp
3
 fraction larger than 
80% at a wide range of substrate bias voltage. 
The optical properties of the film were analyzed using spectroscopic 
ellipsometry. The complex refractive indices and the optical band gap of the ta-C 
films were obtained by analyzing the SE spectra using the Forouhi and Bloomer 
model. The refractive index is between 2.8 to 2.4 and the extinction coefficient is 
between 0.2 to 0.0 at the wavelength from 350nm to 750nm. In long wavelength 
region, the extinction coefficient is smaller than 0.1. This shows that the films are 
quite transparent and have potential applications as anti-reflective coatings. The 
optical gaps are between 2.4 to 2.7eV. However, we do not observe a simple 
relationship between the optical gap and the substrate bias voltage. 
Chapter 6  9 9 
Among the ta-C films, we selected the films with the film thickness of about 
lOOnm prepared at -40V, -80V, -160V and -240V for the study of the film stress, the 
mechanical properties, stress relaxation and thermal stability. 
The stress in the film was calculated from the stress distribution in the Si 
substrate measured by PE method. The compressive stress in the film prepared at 
lower bias voltages can be as large as 16.8GPa. The hardness and elastic modulus 
were measured by a Nano-indentator. Among these films, the highest hardness and 
elastic modulus of 47.2GPa and 260.8GPa, respectively, were obtained for the film 
prepared at a substrate bias of -80V. We believe that the actual hardness of the film 
should be larger than this value because of the Si substrate effect which reduces the 
measured hardness. 
The steady state friction coefficients of the ta-C films were determined to be 
in the range from 0.12 to 0.1. Long sliding test (1.9 km) showed that the friction 
coefficient was lowered to 0.085 due to lubricated effect which was induced by the 








. These results are similar to the reported values of a-C:H. 
The thermal stability test were performed in vacuum annealing for 30 minutes 
from 100°C to 500°C and v-RTA annealing for 2 minutes from 100°C to 900°C. 
Each sample went through all the temperature range with an internal of 100°C and an 
internal of 200°C was instead for temperature over 500°C. The Raman results 
confirmed that these films still have a sp
3
 fraction larger 80% after annealing in all 
the temperature range and time period. These results showed that the thermal 
Chapter 6 199. 
stability of the ta-C is very good. The stress relaxation of the ta-C under vacuum 
annealing is 20 % more effective than v-RTA annealing up to 500°C. In v-RTA 
annealing, the stress relief was up to 80% but the sp
3
 fraction still kept at larger than 
80%. It is stated that the compressive stress is required to stabilize the metastable sp 
bonding in DLC[70，71]. This statement is only valid for the as-deposited films. For 
the annealed film, the stress was partially removed after thermal annealing but the 
sp
3
 fraction remained unchanged. It was also reported in the literature that the G peak 
shift in the Raman spectra for the ta-C film is due to the compressive stress where 
higher compressive stress shift the G peak to higher wave number. However, our 
results demonstrated that the G peak position remained almost unchanged even 
though the stress was removed by 80% after v-RTA. 
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